ABSTRACT
INTRODUCTION
The investigation of velocity profiles and flow rates in fetal vessels by Doppler ultrasound is part of the management of fetuses at high risk. The timely detection and adequate interpretation of abnormal Doppler findings is a major requirement for treatment. To this end animal experiments, in which fetal conditions can be widely manipulated, are indispensable. The sheep is a suitable animal preparation to study the fetal circulation because the same ultrasound equipment can be used as in routine clinical practice 1, 2 . The ductus venosus (DV), which has recently gained attention [3] [4] [5] [6] [7] , is the precordial venous region where the steady return from the placenta is modified by the activity of the myocardium. The blood flow through the DV is of particular interest. Both the flow velocity pattern and the blood flow rate of the DV have been investigated. The velocity profile (pulsatility index (PI)) is regarded as an indicator of cardiac function and fetal jeopardy 8, 9 . Another area of interest is the ratio of DV to umbilical vein flow rate, which increases in cases of fetal hypoxemia and intrauterine growth restriction (IUGR) ('ductus venosus sparing') 10 -12 . The aim of the present study was to observe the changes in parts of the fetal circulation including the DV during acute obstruction of Flow during cord obstruction Tchirikov et al. blood flow in umbilical vessels. We hypothesized that DV sparing exists earlier than previously reported and is not abolished by general anesthesia. We expected that the observations would contribute to our understanding of flow velocity patterns as seen in human fetuses.
METHODS

Surgical procedures
Eleven pregnant ewes, with a median gestational age of 96 (range, 89 -111; term, 145) days were fasted 24 h before surgery with free access to water. The animals were premedicated with 0.25 mg/kg xylazine (Rompun®, BayerVital, Leverkusen, Germany) and 0.5 mg atropine sulfate (Atropinsulfat Braun®, Braun, Melsungen, Germany) intramuscularly. After intravenous injection of 1.0 g barbiturate (Trapanal®, Byk Gulden, Konstanz, Germany) and intubation, each animal was ventilated with 1.0 -1.5% isoflurane (Forene®, Abbott, Wiesbaden, Germany) in O 2 /N 2 O. A continuous infusion (5% glucose) was maintained throughout the experiment via an external jugular vein. The ewe was placed in a supine position on a heating pad (39 °C). A catheter was inserted into one tibial artery to monitor blood pressure and heart rate, and to withdraw blood samples. The abdomen was opened by a midline incision. In six animals, hysterotomy was performed prior to fetoscopy. The fetal head and neck were exteriorized and a carotid artery was dissected to insert a catheter for fetal blood sampling. Another catheter was inserted into the amniotic fluid to measure intrauterine pressure. The head was returned to the uterus, and the fetal skin and uterine incisions were closed.
Two endoscopic introductory ports (LaparoSAC, Marlow Surgical Technologies, Willoughby, OH, USA) were inserted into the uterine wall of each animal 13 . Through these ports an endoscope (5 mm, Karl Storz, Tuttlingen, Germany) and forceps (2.7 mm, Karl Storz) for electrocauterization were introduced into the uterine cavity. Heated Ringer's solution (39 °C) was infused into the amniotic cavity at 5 -20 mL /min to permit visualization of the umbilical and placental vasculatures. Intrauterine pressure remained below 22 mmHg 14 .
Doppler ultrasound measurements during three experimental phases
All ultrasound investigations were performed with a 5 -7-MHz convex transducer (Acuson, Aspen, Mountain View, CA, USA). We aimed to make measurements during three experimental phases. In Phase 1 (9 animals), Doppler and B-mode observations were made transabdominally with the ewe under anesthesia and in a supine position but before the maternal laparotomy. In Phase 2 (8 animals), during endoscopic experimental procedures, the Doppler probe was placed directly onto the uterine wall, and Doppler signals were recorded. In Phase 3 (10 fetuses), one umbilical artery had been coagulated. As an additional intervention, in six fetuses the cord was compressed intermittently for 5 -15 s and released, and flow velocity in the DV was determined.
At the end of the experiments the animals were euthanized by intravenous injection of T61® (Hoechst, Frankfurt /M, Germany) into mother and fetus.
The manipulation of the forceps was endoscopically controlled. With the forceps, branches of umbilical arterial vessels of small or medium size (Phase 2) or one umbilical artery (Phase 3) were occluded permanently by coagulation.
All video data were recorded on videotape. Selected screen shots were stored on magneto-optical discs. From the videotape, prints of the changing velocity profiles in the DV during cord compression were made. The maximum velocity envelope curve was scanned using a graphical tablet (SummaSketch® Professional, Summagraphics Corp., Seymour, CN, USA) and evaluated (peak, minimum and TAMX) with the software package Acknowledge® (Biopac Systems, Goleta, CA, USA).
Maternal and fetal blood samples were drawn and blood gas values were determined with a self-calibrating ABL30 analyzer (Radiometer Kopenhagen, Denmark).
The main outcome measurements were Doppler and blood gas values. Fetal vessels included the fetal abdominal aorta, the umbilical arteries, the DV and the intra-abdominal portion of the umbilical vein but it was not always possible to investigate all vessels. Doppler values (peak, minimum and mean (TAMX) velocities of the maximum velocity envelope curve, and PIs) and venous blood flow rates (mL /min, based on diameter and intensity-weighted time averaged mean velocity (TAV)) were determined 10 whenever feasible. The angle of insonation was < 60°, and the sample volume covered the vessel completely. The determination of both the diameter and the velocity was performed on longitudinal vascular sections one to three times per experimental phase. Intraobserver variability was estimated by repeating five to six complete flow measurements within 5 min with the investigator (M.T.) blinded to the numerical output on the screen. Variability (one standard deviation (SD) as a percentage of the mean) was found to be less than 18%. The sites of venous measurements were the intra-abdominal 'common' umbilical vein, and the inlet of the DV. An estimate of hepatic blood flow derived from the umbilical vein was calculated as the difference between umbilical vein and DV blood flow rates.
The experiments were part of a study to establish the efficacy and safety of bipolar electrocauterization of large fetal vessels reported elsewhere 13 . Surgical and experimental procedures were approved by the board on animal protection of the Behörde für Arbeit, Gesundheit und Soziales in the state of Hamburg, Germany.
Statistics
When the Shapiro-Wilks W-test for normality indicated abnormal distribution for a given variable in at least one of the three experimental groups, nonparametric descriptive statistics are given (median and range) for all experimental groups of that variable to permit the verification of betweengroup differences. Otherwise, mean and standard deviation (mean and SD) are given. To establish differences, parametric (one-way anova, t-test) or nonparametric (Kruskal-Wallis anova, Mann-Whitney U-test) tests were applied as appropriate. Correlations were calculated using Pearson's correlation coefficient. P-values of < 0.05 were considered significant. Calculations were performed using Statistica® software (Statsoft, Tulsa, OK, USA).
RESULTS
The mean (n = 10) maternal blood gas values were: pH = 7.45 (SD, 0.068); pO 2 = 136.8 (SD, 38.6) mmHg; pCO 2 = 42.6 (SD, 8.2) mmHg; base excess = 4.7 (SD, 1.4) mmol/L, measured about 2 h after induction of anesthesia; these values did not change appreciably during the course of the experiments.
Mean fetal weight was 0.93 (SD, 0.26) kg and ranged from 0.65 to 1.45 kg in accordance with the range of gestational ages.
Experimental Phases 1-3
Fetal heart rates, as determined from the pulsatile velocity signal in the aorta, the umbilical artery or the DV, were 166 (SD, 15) bpm, 164 (SD, 25) bpm and 152 (SD, 19) bpm within experimental Phases 1 -3, respectively, with no significant differences between phases.
Aorta and umbilical arteries
After coagulation of one umbilical artery, its velocity profile changed ( Figure 1 ). In this artery, PI was increased to 3.1 (range, 1.8 -9.0) and was significantly higher than the PI of the neighboring, unaffected artery (1.48; range, 1.2 -2.05). The PI in the aorta was increased (1.47; range, 0.29 vs. 1.94; range, 0.30; P < 0.015, anova) between Phases 1 and 3, but the PI in the unaffected umbilical artery did not change appreciably. There were no significant differences in peak, minimum or TAMX velocities (aorta, umbilical artery) between the experimental phases (data not shown).
Central veins
There were no significant differences of DV pulsatility between the three experimental phases. Table 1 summarizes the results of Doppler flow measurements stratified for the three experimental phases. After coagulation of one umbilical artery, the umbilical vein blood flow rate was significantly reduced (P = 0.003, Kruskal-Wallis anova) while the flow rate in the DV was maintained. Thus the coagulation procedure had on average reduced placental blood flow by about 50% (Phase 1 vs. Phase 3). The flow changes were related to the significant (P = 0.01) reduction of the TAV and not to changes in the diameter. Fetal blood gas values reflect the impaired placental gas exchange ( Table 2) .
As a consequence of the venous flow rate changes, the ratio of DV blood flow rate to umbilical vein blood flow rate (Table 1) was significantly increased after reduction of the placental blood flow rate as compared to the first experimental stage (P = 0.005).
The umbilical portion of the hepatic flow was significantly reduced from 306 (SD, 114) mL /min/ kg (Phase 1) to 95 (SD, 64) mL /min/ kg (Phase 3; P < 0.001, anova). 
Flow during cord obstruction Tchirikov et al.
During Phase 1 (n = 9) the umbilical vein diameter (mm, Pearson's r = 0.77) and umbilical vein blood flow rate (mL / min, r = 0.69) correlated significantly with fetal body weight whereas their relationship with TAV (r = 0.66) did not reach statistical significance.
In the DV, the mean TAV /TAMX ratio was 0.67 (SD, 0.088) for all experimental phases combined (n = 24). This allows the calculation of flow rates based on the measurement of TAMX instead of TAV.
Velocity profile in the ductus venosus during compression of the umbilical cord
As illustrated in Figure 2 , flow velocity in the DV was immediately reduced when the cord was clamped. The TAMX significantly declined from 51 (SD, 11) cm/s to 20 (SD, 6) cm / s, a reduction of 61% (paired t-test). In no case did TAMX approach zero, but negative minimum values during atrial contraction were observed in three fetuses. By visual inspection (Figure 2) , the shape of the pulsatile flow did not change appreciably but the PI of the DV (PIV) increased from 0.55 (SD, 0.19) before compression to 1.89 (SD, 0.73) during compression (P < 0.001). Peak velocities (62; SD, 12 cm/s vs. 36; SD, 5 cm /s; P < 0.001) and minimum velocities (35; SD, 12 cm /s vs. 2; SD, 9 cm/s; P < 0.001) were decreased but the velocity amplitudes were not significantly different (27; SD, 7 cm /s vs. 35; SD, 7 cm /s). In these six animals, fetal heart rate immediately before cord compression was 153 (SD, 13) bpm, and it did not change significantly during the brief phase of flow obstruction.
DISCUSSION
Doppler measurements in experimental Phases 1 and 2
No major changes in velocity profiles or venous flow rates could be detected between experimental Phases 1 and 2 ( Table 1 ). This indicates that maternal laparotomy, hysterotomy and endoscopic manipulations of minor umbilical vessels do not affect significantly the fetal circulation. This supports the conclusion that the acutely anesthetized fetal sheep is a suitable preparation for ultrasound Doppler studies of the fetal circulation.
Doppler measurements in experimental Phase 3 (reduction of placental blood flow)
Permanent coagulation of one umbilical artery clearly reduced placental blood flow as measured in the umbilical vein (Table 1) , and impaired placental gas exchange (Table 2) . Thus the effects on the fetal circulation are expected to be mediated by the sudden increase of resistance to flow in the placental-umbilical unit, and by the combined effects of hypoxemia /hypercapnia /acidemia. The increase of resistance was reflected in the changes of the PI in the aorta and in the obstructed umbilical artery. The velocity profile in the other umbilical artery remained basically unaffected which points to the circulatory independence of each of the placental arterial supply areas. In sheep, in contrast to the human situation, the 'placental' region (cotyledons) supplied by one umbilical artery is largely independent from the area of supply of the other artery 15 . In spite of distinctly reduced umbilical vein blood flow, the perfusion of the DV was not decreased ( Table 1) . The proportion of blood entering the DV from the umbilical vein thus increased from 22% to 56%. Similarly, cord compression in chronically instrumented fetal sheep led to the preference for ductus blood flow 16 . We suggest that the redistribution of flow with cord compression is caused by the subsequent hypoxemia because we and others have previously shown that acute hypoxemia 10, 12, 17 or infusion of catecholamines 18 also increased the proportion of flow through the DV. The rise of plasma catecholamine concentration increases the resistance to flow in hepatic vessels 18 more distinctly than in the DV, which may result in the observed shift of flow distribution. The relative increase of resistance in hepatic vessels is reflected in the marked decrease of calculated liver blood flow from the umbilical vein. In severe fetal hypoxia, the inlet diameter (isthmus) of the DV was seen to increase 12 a change we could not detect in our study (Table 1) with moderate hypoxemia. These reactions may be part of a fetal defence *Experimental Phase 1a is equivalent to Phase 2 as described in the Methods but after the uterus had been opened to insert the fetal carotid catheters, and before fetoscopy. BE, base excess; †indicates a significant difference (t-test).
Figure 2
Change of flow velocity in the ductus venosus while the cord was occluded with the forceps (insert). Note the distinct decrease in mean velocity but minor changes in the velocity profile. Ultrasound in Obstetrics and Gynecology mechanism because most of the blood flow through the DV moves directly via the foramen ovale to the heart and brain 19 . Despite the redistribution of blood flow through the DV, there was no change in pulsatility of the waveforms. Therefore, acute hypoxemia after coagulation of one umbilical artery with significant reduction of umbilical blood flow, but without significant and long-lasting acidemia, does not cause alterations of the flow velocity waveforms in the DV. This is in accordance with a study in human fetuses comparing fetal blood gases obtained at cordocentesis with the PI in the DV 20 .
In that study, during moderate hypoxemia and acidemia the majority of measurements were still within the normal ranges, whereas PIs increased with increasing severity of hypoxemia and acidemia thus indicating chronic and prolonged fetal compromise and circulatory decompensation, most likely due to cardiac failure.
Our study thus confirms previous reports on umbilical vein and DV blood flow rates in chronically instrumented fetal sheep 10 .
In addition, we demonstrate that the adaptation to hypoxia or low placental perfusion is remarkably stable: it is not abolished by anesthesia 12 and it can be elicited about a month earlier in gestation than previously reported. It is likely that these alterations are caused locally by the differential vasoconstrictive sensitivity of affluent hepatic veins and of the DV to catecholamines 21 .
Ductus venosus blood flow velocity during cord clamping
Within several heart beats, the velocity profile in the DV changed with cord compression as depicted in Figure 2 . The TAMX was reduced significantly to about 40% of the control and did not reach zero in any case. The brief period of compression did not permit flow measurements (determination of TAV and diameter) in the DV, but an estimated flow can be derived based on TAMX. Kiserud et al. 22 have suggested using approximately 70% of TAMX instead of TAV for flow calculations in the DV. This is in agreement with our results and mathematical simulations 23 . Cord compression thus reduced blood flow in the DV from 95 mL /min /kg to 33 mL /min /kg (estimated DV diameter, 2.1 mm, Table 1 ; mean fetal weight in these 6 animals, 0.79 kg). This blood flow may reflect incomplete closure of the umbilical veins. However, part of the DV flow may be derived from portal blood flow under these circumstances 24 and therefore zero flow cannot be expected.
The results show that during cord compression peak and minimum flow velocities in the DV were reduced, and that in three fetuses even brief phases of reverse flow were observed (negative minimum velocities) during atrial contraction. But there was only a small and insignificant increase of the velocity amplitude (peak velocity-minimum velocity), which is insufficient to explain the distinct increase in PIV. It appears as if the steady component of ductus flow was reduced without major alterations of the flow profile, or in other words, that the zero-line had shifted upwards. As a consequence, the flow velocity profile of the DV during cord compression looks like a normal flow profile in the inferior vena cava and, with further imaginary shifts of the zero line, may even correspond to waveforms in the hepatic veins 25 . The waveforms may therefore reflect cardiac function, whereas the absolute velocities may depend on the respective flow rates.
These findings show that significant changes of the PIV are possible merely by a reduction of the constant component of the maximum velocities when the amplitude of the waveforms is unaffected. This may be the main cause for the differences in PIV in the precordial veins, showing the highest PI for the vessels with the lowest flow velocities ( hepatic veins) and the lowest PI for the vessel with the highest velocities (DV) 25 . Our study demonstrates that manipulation under endoscopic control of the placental and umbilical vasculature in sheep allows valuable insights into acute responses of the fetal circulation. The findings may help to improve our understanding of acute fetal deterioration and compromise, and in the interpretation of Doppler findings in the fetal circulation, for example in cases of acute cord compression. We are thankful to Acuson (Mountain View, CA, USA) which generously made available to us the ultrasound equipment.
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